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SINGLE CRYSTAL MANUFACTURING
METHOD

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a manufacturing method
for single crystals using the Czochralski process (heremafter,
referred to as the CZ process) and in particular to amethod for
manufacturing silicon single crystals by using the MCZ. pro-
cess 1n which a horizontal magnetic field 1s applied to a silicon
melt during pulling of the single crystal.

2. Background Art

Recently, high integration and fine structurization of ele-
ments has advanced 1n semiconductor devices, and accord-
ingly improvement in the quality of the silicon single crystal
substrate material has been increasingly demanded. Particu-
larly, reduction of Grown-in defects imntroduced during pull-
ing of the silicon single crystal is strongly needed. Many
pulling methods for reducing these defects, for example
methods for pulling a silicon single crystal 1n an N region,
have been proposed.

In addition to mmproving the vyield of semiconductor
devices and reducing manufacturing cost of IC chips, the
diameter of silicon single crystal waters (herematter, stmply
referred to as wafers) has becomes larger. Recently, water
diameters are mainly 300 mm, a change from the conven-
tional 200 mm diameter formerly used. The production o1 300
mm-wafers has increased rapidly.

Due to the necessity to reduce the Grown-1in defects and to
the imncreasing weight of the raw materials needed for enlarg-
ing the diameter of silicon single crystals, stability of silicon
melt tlow during crystal growth has become more important.
More specifically, to reduce the Grown-1n defects of a silicon
single crystal, the shape of the crystal interface and the tem-
perature distribution 1n the vicinity of the crystal interface 1s
significantly important, and stable control of the temperature
distribution 1n the melt 1s therefore required.

As the diameter of the silicon single crystal increases, an
increasingly large weight of raw material 1s required. The
diameter of the quartz crucible used for CZ crystal growth has
been increased from the 22 to 24 inches used for manufactur-
ing 200 mm-diameter silicon single crystals to 32 inches for
300 mm diameter ingots. With the increasing diameter of the
quartz crucible, and also the increased weight of the filling
raw material, natural convection of the silicon melt becomes
strong, and 1t becomes necessary to stably control this natural
convection.

To suppress the natural convection of the silicon melt, 1t has
recently been proposed to apply a magnetic field to the melt.
In particular, a horizontal magnetic field has been proposed
tor effectively suppressing the natural convection of the melt.
In such horizontal magnetic field processes, there have been
many proposals for more effective use of conventional mag-
netic field intensity, with respect to the magnetic field distri-
bution in the silicon melt.

For example, Japanese Laid-Open (kokai) Patent Applica-
tion HO8-231294 discloses that change 1n oxygen concentra-
tion 1n the crystal growth direction becomes large when the
longitudinal (crystal axis direction) distance between the sili-
con melt surface and a horizontal magnetic flux axis 1s larger
than 5 cm, and accordingly the longitudinal distance between
the silicon melt surface and the horizontal magnetic flux axis
1s fixed to within 5 cm to control the oxygen concentration
distribution 1n the crystal growth direction.

Moreover, Japanese Laid-Open (kokai) Patent Application
HO8-333191 proposes that to enhance the umiformity of the

10

15

20

25

30

35

40

45

50

55

60

65

2

applied magnetic field intensity and to improve the convec-
tion suppressing eifect in the silicon melt over the entire
crucible, the relative positions of an electromagnet and the
crucible 1n the vertical direction 1s set so that the central axis
of the coil coincides with the depthwise central part of the
melt 1n the crucible or below this central part.

Moreover, Japanese Laid-Open (kokai1) Patent Application
2004-182560 proposes that, 1n the use of a curved, saddle-
shape coil, to prevent the phenomenon of rapid increase 1n
crystal diameter, to perform stable pulling, and to avoid dete-
rioration of the inplane oxygen concentration, the coil axis 1s
positioned away from the raw material melt surtace by 100
mm or more in depth.

Furthermore, Japanese Laid-Open (kokai1) Patent Applica-
tion 2005-298223 discloses reducing Grown-in defects and
obtaining a high-quality crystal by positioning the magnetic
field center 1n the range of 100 mm to 600 mm below the melt
surtace.

As described above, many different embodiments have
been proposed for the positional relationship of the horizontal
magnetic field in the silicon melt for various purposes, such as
for enhancing stability of the oxygen concentration distribu-
tion or uniformity of the magnetic field strength so as to
suppress the convection of the silicon melt and to reduce
Grown-in defects.

When a silicon single crystal 1s pulled from a molten sili-
con 1n a quartz crucible, 1t 1s important to keep the crystal
thermal history 1n the vicinity of the crystal interface constant
for maintaining uniformity of both oxygen concentration and
umiformity of Grown-in defects 1n the longitudinal direction.
Therefore, in conventional CZ manufacturing equipment, the
quartz crucible containing the molten silicon 1s raised 1n
accordance with the weight of the pulled single crystal, so that
a constant distance 1s maintained between an Ar baillle plate
disposed at a fixed position and the molten silicon surface, 1in
other words, the liquid surface position of the silicon melt
with respect to the Ar baitle plate 1s maintained at the same
position during the entire pulling processes.

In such a manufacturing method, the relation between the
molten silicon and the center position of a horizontal mag-
netic field 1s as shown 1n FIG. 4. More specifically, in an 1nitial
state 1n which a sufficient amount of a silicon melt 43 1s
housed 1n a crucible 41, as shown 1n FIG. 4A, the magnetic
field center position 45 of the applied magnetic field which 1s
away from the liquid surface 44 of the silicon melt 43 1n the
crucible 41 by a distance H 1s positioned between the liquid
surface 44 and a lowest part 46 of the silicon melt 43. In this
state, pulling of the silicon single crystal 1s started, and raising,
of the crucible 41 1s performed 1n accordance with the amount
of the silicon single crystal 47 which has been pulled. When
pulling of the silicon single crystal 47 has advanced, and the
rise of the crucible 41 becomes K, as shown 1n FIG. 4B, the
lowest part 46 of the silicon melt 43 reaches the magnetic field
center position 45. When the pulling has further advanced, as
shown 1n FIG. 4C, the lowest part 46 of the silicon melt 43 1s
positioned above the magnetic field center position 43.

In the manufacturing method shown in FIG. 4, the effects
of the magnetic field exerted on the silicon melt 1s thus largely
difterent between the states 1llustrated 1n FIGS. 4A, 4B, and
4C.

When the relation between the liquid surface 44 of the
silicon melt 43 and the magnetic field center position 45
passes through the state of FIG. 4B and attains the state of
FIG. 4C 1n which the symmetrical property in the vertical
direction about the magnetic field center position 45 of the
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silicon melt 43 1s lost, numerous problems intluence the sili-
con melt43 and the silicon single crystal 47 during pulling, as
described hereinaftter.

More specifically, when the magnetic field center position
45 of the applied magnetic field 1s lower than the lowest part
46 of the silicon melt 43 1n the crucible 41 (state of FIG. 4C),
the temperature of the silicon melt is periodically changed. As
a result, the diameter of the pulled silicon single crystal i1s
periodically changed in the longitudinal direction, and can
become smaller than the predetermined diameter, which
causes vield reduction in the manufacture of the silicon single
crystal ingots. To prevent this reduction 1n diameter below
specification, it 1s conceivable to increase the target diameter
of the manufactured silicon single crystal ingot in advance.
However, increasing the target diameter also reduces yield
due to the increased diameter elsewhere, and thus this method
cannot prevent reduced yield.

Moreover, 1n the state of FIG. 4C, the rotational speed of
the crucible 41 may be decreased to lower oxygen concentra-
tion, and the magnetic ficld may be enhanced to further sup-
press natural convection of the silicon melt. However, under
such crystal pulling conditions, as a unique phenomenon
associated with use of a horizontal magnetic field, part of the
molten silicon surface solidifies in low-temperature regions
of the silicon melt surface, the solidified silicon ultimately
contacts the single crystal during pulling, and causes dislo-
cations in the pulled crystal. Theretore, all the crystal pulling
conditions described above cause yield reduction 1n silicon
single crystal manufacture.

Moreover, when a magnetic center position 55 of an
applied magnetic field 1s at a deep position of a silicon melt 53
in an 1mtial state like Patent Document JP2004-182560 or
JP20035-298233 (see FIG. 5A), the state of F1G. 4C 1s already
attained as shown 1n FIG. 5B before completion of the pulling
of the straight body (“constant diameter”) part of the silicon
single crystal 57, that 1s, before tail-in. From the middle of the
constant diameter pull, after the lowest part 56 of the silicon
melt 53 reaches the magnetic field center position 55 (see
FIG. 4B), and until the beginning of tail-in (FIG. 5B), the
crystal diameter 1s cyclically changed, part of the surface of
the molten silicon 1s solidified and brought into contact with
the crystal during pulling, causing dislocations, with a con-
comitantly large decrease 1n yield.

When the magnetic field center position 65 of an applied
magnetic field 1s set at a shallow position, for example, a
position that 1s within 5 ¢cm from the liquid surface 64 of a
silicon melt 63 as 1n HO8-231294 (see FIG. 6A), generally, a
depth L from the liqud surface 64 of the silicon melt 63
remaining 1n the crucible 61 at the point of tail-1n 1s larger than
5 ¢m, and the crystal pulling process 1s completed without
generating the above described states of FIG. 4B to FIG. 4C,
as shown in FIG. 6B. Theretfore, during the crystal pulling
process, the temperature of the silicon melt 1s not periodically
changed, and no reduction 1n yield due to periodical change of
crystal diameter below specification 1n the longitudinal direc-
tion 1s experienced.

However, when the magnetic field center position 1s too
close to the liquid surface of the silicon melt like the case of
FIG. 6A, the phenomenon of unstable silicon melt flow
appears. Particularly when the weight of the silicon melt 1s
large, this phenomenon becomes serious. At the beginning of
the silicon single crystal pulling step, 1n other words, 1n the
necking step, the diameter increasing (cone) step, and the
constant diameter step, the temperature of the silicon melt
becomes unstable, and crystal dislocations are generated. As
a result, 1t has been necessary to repeat the process of melting
the dislocated crystal again and performing pulling. There-
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fore, productivity of a silicon ingot 1s reduced significantly.
Also 1n the case 1mn which the distance between the liquid
surface of the silicon melt and the magnetic center position 1s
large, the convection of the silicon melt also becomes
unstable, and a similar problem occurs.

On the other hand, to enhance the uniformity of the mag-
netic field strength of the applied magnetic field, as described
in HO8-333191, 1t1s proposed that the relative positions of the
clectromagnet and the crucible in the vertical direction 1s set
so that the center axis of the coil goes through the depthwise
center part of the melt 1n the crucible or below of the center
part. According to this method, when the weight of the silicon
melt1s large, the central axis of the coil 1s below the depthwise
center of the silicon melt, and the central axis of the coil 1s
never below the lowest part of the silicon melt even at the end
of the pulling step. Therefore, such a method can be con-
ceived to be an effective method for solving the above
described problems.

However, 1n such method, the remaining amount of the
silicon melt 1s reduced as pulling of the crystal advances;
accordingly, the distance from the liquid surface of the silicon
melt 1 the crucible to the coil center axis 1s gradually
reduced, and the magnetic field distribution applied to the
molten silicon in the vicinity of the part immediately below
the crystal interface 1s changed through all the pulling steps of
the crystal. Therefore, stability of the magnetic field strength
applied to the molten silicon cannot be obtained.

As described above, 1n the conventional manufacturing
methods of the silicon single crystal, to achieve stabilization
of the flow of the molten silicon, particularly stabilization of
the molten silicon flow 1n the vicinity of the region immedi-
ately below the crystal interface which directly afiects stabi-
lization of silicon single crystal growth, the intensity distri-
bution of the magnetic field applied to the crystal in this
region has been required to be controlled so as always to be
constant.

SUMMARY OF THE INVENTION

It 1s an object of the present ivention to provide a manu-
facturing method for single crystals, which stably pulls a
single crystal completely free from dislocations, and with a
g00d crystal shape. These and other objects are achieved by a
manufacturing method for single crystals by single CZ crystal
growth while applying a horizontal magnetic field to the raw
material melt, wherein the magnetic field center 1s positioned
lower than the liquid surface of the melt by more than 50 mm
and at a distance equal to or less than a depth L from the liquid
surface of the melt remaining 1n the crucible during pulling of
the constant diameter part of the single crystal. In a pretferred
mode, the magnetic field center 1s set at a position between 50
mm to 90 mm from the liquid surface.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic cross sectional drawing of a single
crystal manufacturing apparatus suitable for carrying out a
manufacturing method of a single crystal according to an
embodiment of the preset invention.

FIG. 2 are drawings for explaining the manufacturing
method of the single crystal according to the present embodi-
ment, wherein FIG. 2A shows the relation between a liquid
surface of a silicon melt and a magnetic field axis at the
beginning of a pulling step, and FIG. 2B shows the relation
between the liquid surface of the silicon melt and the mag-
netic field axis at the point of tail-1n.
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FIG. 3 1s a diagram showing the relation between the mag-
netic field center distance and the number of tries in Examples
1 to 3 and Comparative Examples 1 to 3 of the present mnven-
tion.

FIG. 4 are drawings schematically showing a conventional
manufacturing method of a silicon single crystal.

FIG. 5 are drawings schematically showing another con-
ventional manufacturing method of a silicon single crystal.

FIG. 6 are drawings schematically showing another con-
ventional manufacturing method of a silicon single crystal.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Thus, according to the present invention, the center posi-
tion of the horizontal magnetic field 1s set at a position which
1s lower than the liquid surface of the raw material melt by
more than 50 mm and at a distance equal to or less than the
depth L from the liquid surface of the raw material melt
remaining in the crucible while pulling of the constant diam-
cter part of the single crystal 1s completed. As a result,
unstable convection of the raw material melt 1n an early stage
of crystal pulling can be suppressed, thereby suppressing
generation of dislocations in the pulled single crystal. In
addition, at least until pulling of the constant diameter part of
the single crystal 1s completed, the center position of the
magnetic field 1s not set below the lowest part of the raw
material melt, and thus changes in the diameter of the crystal
due to temperature change of the melt are suppressed, solidi-
fication of the raw material melt 1s suppressed, and generation
of dislocations 1n the single crystal 1s suppressed. Therelore,
in the mventive process, single crystals which are totally free
from dislocations and have a good crystal shape can be stably
pulled. As a result, the yield and productivity of single crystal
manufacturing 1s improved. Moreover, since the magnetic
center 1s set at a position between 50 mm to 90 mm below the
liquid surface, the above described effects can be repeatably
obtained.

The present 1inventor has diligently carried out studies to
achieve the above described objects and, as a result, has
discovered that during a single crystal manufacturing from a
raw material melt while applying a horizontal magnetic field
to the melt housed in a crucible 1n the CZ process, when the
magnetic field center of the horizontal magnetic field 1s set at
a position that 1s below the liquid surface of the melt by more
than 50 mm and at a distance of a depth L or less from the
liquad surface until completion of constant diameter growth,
preferably in the range that 1s >50 mm to about 90 mm below
the liqud surface, a single crystal which 1s completely free
from dislocations and which has a good shape can be stably
pulled.

The present invention has been accomplished based on the
results of the above described studies. Hereinatfter, embodi-
ments of the present invention will be described with refer-
ence to drawings. Note that, the present invention 1s not
limited to the embodiments described below.

FIG. 1 1s a schematic cross sectional drawing of a single
crystal manufacturing apparatus suitable for carrying out
manufacturing methods of single crystals according to one
embodiment of the present invention. The single crystal
manufacturing apparatus 100 1n thus embodiment has, as
shown 1n FIG. 1, a pulling chamber 1 having a cylindrical
shape and a crystal take-out chamber 2 which 1s concentri-
cally disposed above the pulling chamber 1, has a diameter
smaller than the pulling chamber 1, and has a cylindrical
shape.
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The pulling chamber 1 has a crucible 4 disposed at a center
part of the interior thereot for housing a silicon melt 3 serving
as a raw material melt. The crucible 4 has a double structure,
comprising a quartz crucible § at the mnner side and a graphite
crucible 6 at the outer side, and connects to a crucible driving
unit 15 at the bottom. The crucible driving unit 15 drives and
controls the position of the crucible 4 1n the vertical direction
so that the position of a liquid surface 3a of the silicon melt 3
in the crucible 4 1s always constant 1n the pulling chamber 1
during pulling of a silicon single crystal, which 1s described
below. In addition, 1n the pulling chamber 1, outside the
crucible 4, heaters 8 are disposed so as to surround the cru-
cible 4. Furthermore, in the pulling chamber 1, thermal 1nsu-
lation materials 9 are provided on the peripheral wall inner
surfaces and the bottom 1nner surface.

Above the crucible 4, an approximately circular-cone trap-
czoidal Ar gas current plate 7 for regulating the flow of an
introduced 1nert gas such as an Ar gas may be disposed so as
to cover the crucible 4, and an Ar gas discharge opeming 11 for
discharging the introduced Ar gas provided below the cru-
cible 4. Furthermore, 1in the pulling chamber 1, for example at
an upper part thereol, a diameter controlling camera 12 for
monitoring and controlling the crystal diameter of a pulled
s1licon single crystal 1s provided.

The crystal take-out chamber 2 has, 1n the mterior thereof,
a wire 13 which goes through the crystal take-out chamber 2,
and a seed crystal 30 1s attached to the lower end of the wire
13. The upper end of the wire 13 1s connected to a crystal
driving unit 14 disposed above the crystal take-out chamber 2.
The crystal driving unit 14 causes the seed crystal 30 to be
movable 1n the vertical direction via the wire 13 to pull the
silicon single crystal.

At an upper part in the crystal take-out chamber 2, for
example, an Ar gas inlet 10 for introducing an inert gas such
as an Ar gas into the chambers 1 and 2 1s provided, and an Ar
gas feeding device, which 1s not shown, 1s connected to the Ar
gas mlet 10.

As shown in FIG. 1, the single crystal manufacturing appa-
ratus 100 has a horizontal magnetic field device 16 for gen-
erating a horizontal magnetic field. The horizontal magnetic
field device 16 has a pair of coils 17 and 18. The pair of coils
17 and 18 are directed 1n the horizontal direction so that the
axes ol the respectively generated magnetic fields are
orthogonal to the center axis of the pulling chamber 1 and
disposed symmetrically so as to sandwich the pulling cham-
ber 1 from outside of the side walls thereot and be opposed to
cach other. Thus, a horizontal magnetic field 1s generated 1n
the pulling chamber 1.

Furthermore, the single crystal manufacturing apparatus
100 has a horizontal magnetic field adjusting device 19 which
causes the horizontal magnetic field device 16 to be movable
in the vertical direction (directions of arrow a of FIG. 1) along
the center axis of the pulling chamber 1 1n order to perform
positional adjustment 1n the vertical direction of the horizon-
tal magnetic field device 16 with respect to the crucible 4.

The horizontal magnetic field device 16 1s subjected to
positional adjustment by the horizontal magnetic field posi-
tion adjusting device 19 so that the vertical-direction distance
H from the magnetic field axis 1 which 1s an axis of the
generated magnetic field to the liquid surface 3a of the silicon
melt 3 in the crucible 4 15 a constant value which 1s larger than
50 mm and equal to or less than a depth L from the liquid
surface 3a of the silicon melt 3 which 1s remaining 1n the
crucible 4 when pulling of the constant diameter part 21 of the
s1licon single crystal 20 1s completed, 1n other words, at the
beginning of tail-in (see FIG. 2B). In other words, based on
manufacturing conditions such as pulling conditions, the pair
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of coils 17 and 18 of the horizontal magnetic field device 16
1s subjected to positional adjustment and fixed by the hori-
zontal magnetic field position adjusting device 19 such that
during pulling of the silicon single crystal, the magnetic field
axis 1 of the generated magnetic field 1s at a constant position
below the liquid surface 3a of the silicon melt 3 1n the crucible
4, specifically, a position lower therefrom by more than 50
mm and positioned at a point which 1s equal to or higher than
the depth L from the liquid surface of the remaining silicon
melt at the point of tail-in.

The manufacture of a single crystal according to one
embodiment of the invention by using the above described
single crystal manufacturing apparatus 100 will now be
described.

The inside of the pulling chamber 1 and the crystal take-out
chamber 2 are adjusted to a predetermined pressure, and an Ar
gas 1s introduced into the chambers 1 and 2 at a predetermined
flow rate from the Ar gas inlet 10. Then, polycrystalline
silicon serving as the raw matenial fill for the crucible 4 1s
heated by heaters 8 to a predetermined temperature, and
melted to generate the silicon melt 3. Then, the crystal driving,
unit 14 1s actuated so as to immerse the seed crystal 30 in the
silicon melt 3, and the crystal driving unit 14 and the crucible
driving unit 13 are controlled under predetermined conditions
so as to perform a pulling of the seed crystal 30.

In the pulling step, the horizontal magnetic field device 16
1s driven so as to apply a horizontal magnetic field to the
inside of the silicon melt 3 1n the crucible 4. The horizontal
magnetic field device 16 fixes the magnetic field axis I of the
applied magnetic field at a constant position from the liquid
surtace 3a of the silicon melt 3 1n the above described manner.
More specifically, based on the pulling conditions, positional
adjustment of the horizontal magnetic field device 16 in the
vertical direction 1s performed 1n advance by the horizontal
magnetic field position adjusting device 19 so that the mag-
netic field axis 1 of the applied magnetic field 1s fixed at a
position that 1s lower than the liquid surface 3a of the silicon
melt 3 by more than 50 mm and at a constant distance (mag-
netic field center distance H) which 1s higher than or equal to
the depth L from the liquid surface of the remaiming silicon
melt at the point of tail-in.

Through this pulling step, the silicon single crystal 20 1s
pulled; a neck part 22, a diameter-increasing part 23, a con-
stant diameter part 21, and a tail part which 1s not shown are
sequentially formed; and a silicon single crystal ingot 1s thus
produced. The depth L from the liquid surface of the remain-
ing silicon melt at the point of tail-in uses, for example, a
value which 1s set 1n advance by calculations, and the like.

The remaining portions of the manufacturing method of
the single crystal according to the mvention i1s similar to a
conventional manufacturing method of a single crystal; there-
tore, detailed descriptions thereot will be omitted. The mag-
netic field center distance H which 1s the distance from the
liquid surface 3a of the silicon melt 3 1n the crucible 4 to the
magnetic field axis of the applied magnetic field will now be
described.

A maximum value of the magnetic field center distance H
1s set to a value so that the magnetic field axis 1 at the point of
tail-in 1s overlapped with the lowest part 35 of the silicon melt
3 remaining 1n the crucible 4, 1n other words, the remaining
depth L from the liquid surface 3a of the silicon melt 3 when
the state shown 1n FIG. 2B 1s attained at the point of tail-in 1s
set as the maximum value of the distance H. The reason for
this 1s that by this set condition, the position of the magnetic
field axis 1 can be maintained constant with respect to the
liquid surface 3a of the silicon melt 3 from the beginning until
tail-in 1n the pulling step, and the convection of the silicon
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melt 3 1n the vicinity of the part immediately below the crystal
interface can be maintained in a stable state. In addition,
during the entire pulling step of the constant diameter part, the
magnetic field axis 1 can be caused to be always above the
lowest part 36 of the silicon melt 3 i the crucible 4 (see FIG.
2A). As a result, generation of conventional problems, for
example, change of the crystal diameter of the pulled silicon
single crystal and generation of dislocation due to solidifica-
tion of the silicon melt can be prevented.

After the tail-1n, a tail step of forming the tail part 1s started;
and, 1n the tail step, the magnetic field axis 1 1s sometimes
below the lowest part 35 of the silicon melt 3 1n the crucible 4
(see FIG. 4C). However, even when change of the crystal
diameter occurs 1n the tail part, 1t 1s not related to the yield of
the manufactured silicon single crystal ingot at all, and there
1s no practical detriment.

Furthermore, in the tail step, since the temperature of the
s1licon melt 1s increased by increasing the output of the heat-
ers 8 1n order to reduce the crystal diameter and form the tail
part, the molten silicon does not solidily, and the problem of
generation of dislocations due to solidification of molten
s1licon and contact of this solid silicon with the ingot does not
occur during formation of the tail part.

I1 the maximum value of the magnetic field center distance
H 1s set to be the remaiming depth of the silicon melt 3
remaining in the crucible 4 at the point when the tail part 1s
completed, in other words, when the pulling step 1s entirely
finished, the value of the magnetic field center distance H
becomes a significantly small value that 1s, for example, 50
mm or less as 1n HO8-231294, the flow of the silicon melt
becomes unstable 1n an early stage of the pulling step as
described above, the temperature distribution becomes
unstable, and crystal dislocation occurs. Therefore, such con-
dition deteriorates the productivity of the single crystal and 1s
not etlective.

Note that, although the remaining depth L of the silicon
melt at the termination of pulling of the constant diameter part
of the silicon single crystal (point of tail-in) 1s changed
depending on specifications such as the imtial fill of the
silicon melt, the size of the quartz crucible, and the resistivity

of the silicon single crystal, general values of the remaining
depth L are shown 1n below Table 1 for reference. In Table 1,
the sizes of the quartz crucibles are 28 inches and 32 1nches,
the solidification rate at the point of tail-in 1n the 28-inch
crucible is set to 80%, and the solidification rate at the point of
tail-1n 1n the 32-1nch crucible 1s set to 80% and 85%, so as to
calculate the remaining depth L. Note that, when the solidi-
fication rate at the point of tail-in 1s further increased over the
above described rates, formation of the tail part becomes
difficult; therefore, the above described values are preferred.

TABL.

L1

1

SOLID-
INITIAL  IFICATION

QUARTZ
CRUCIBLE FILLING RATEAT REMAINING REMAINING
SIZE ~ AMOUNT TAIL-IN WEIGHT DEPTH L
28 INCHES 200 kg R0% 40 kg 90 mm
240 kg R0% 48 kg 99 mm
32 INCHES 300 kg R0% 60 kg 105 mm
R5% 45 kg 90 mm
350 kg R0% 70 kg 115 mm
R5% 52.5 kg 96 mm

As 1s understood from above Table 1, although values are
slightly different depending on the pulling conditions, the
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remaining depth L of the silicon melt at the point of tail-in has
a value equal to or more than 90 mm and equal to or less than

115 mm.

As described above, 1n the manufacturing method of the
invention, from the mitiation of the pulling step until at least
the point of tail-in, the magnetic field axis 1 of the applied
horizontal magnetic field 1s always 1n the silicon melt, and the
horizontal magnetic field 1s applied so that the magnetic field
axis 1 of the horizontal magnetic field goes into the 1nside of
the silicon melt 3 in the crucible 4 at a position having a
constant distance from the liquid surtace 3a of the silicon melt
3, 1n other words, at a distance larger than 50 mm and equal to

less than the remaining depth L (see FIG. 2A and 2B).

EXAMPLES

Hereinafter, examples of the present mvention will be
described.

Pulling of a silicon single crystal was carried out by the
above described embodiment by using the single crystal
manufacturing apparatus 100 of FIG. 1. Specifically, when
the magnetic field center distance H was 60, 70, and 90 mm,
pulling of silicon single crystal ingots was carried out, respec-
tively, so that the number of the ingots were: n=4 when H=60
mm, n=4 when H=70 mm, and n=3 when H=90 mm (Ex-
amples 1 to 3).

In the present examples, the diameter of the quartz crucible
5 was 28 1nches (700 mm), based on specifications such as
desired resistivity, in order to manufacture a silicon single
crystal ingot 1n which constant diameter length 1s 1000 mm,
and the crystal diameter of the constant diameter part 1s 306
mm, to take into consideration a grinding allowance in sub-
sequent cylindrical grinding so that the crystal diameter of the
complete product would be 300. 220 kg of block polycrystal-
line silicon was prepared as a raw material to fill the interior
of the crucible 4.

When the silicon single crystal ingot having the above
described desired shape 1s pulled, the weight of the single
crystal silicon pulled at the point of tail-in 1s expected to be
1’77 kg; and, since the remaining amount of the silicon melt
remaining in the crucible 4 at this point 1s 43 kg, the remaining,
depth L of the silicon melt at the point of tail-1n 1s expected to
be 94 mm.

By using the horizontal magnetic field position adjusting,
device 19, the horizontal magnetic field device 16 was moved
and fixed so that the magnetic field center distance H 1s 60, 70,
and 90, respectively (see FIG. 2A).

Next, the prepared 220-kg polycrystalline silicon block
was placed in the quartz crucible 5, and the polycrystalline
silicon block was melted by the heaters 8 while introducing
the Ar gas from the Ar gas inlet 10 into the chambers 1 and 2
and discharging the gas from the Ar gas discharge opening 11
by using a vacuum pump.

After completion of melting of the polycrystalline silicon
block, a magnetic field was not applied for a while, and
positioning was carried out by moving the crucible 4 by
driving the crucible driving umit 13, thereby adjusting a dis-
tance X between the Ar gas current plate 7 and the hiquid
surface 3a of the silicon melt 3 (see FIG. 2A) to a predeter-
mined value. Then, after several hours of silicon melt tem-
perature stabilizing time for adjustment of the temperature
required 1n the next step, a magnetic field of 3000 G was
applied to the silicon melt 3 1n the crucible 4 by using the
horizontal magnetic field device 16 at the magnetic field
center positions 60, 70, and 90 mm, respectively.

To eliminate dislocation of the seed crystal 1n the necking
step, necking by the dash method was carried out a diameter-
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10

increased part was formed 1n the diameter-increasing step so
that the crystal diameter became predetermined si1ze 306 mm,
and pulling was then changed to a constant diameter pull to
form the constant diameter part, and pulling was carried out
until the straight body part became 1000 mm in length.

The weight of the silicon single crystal at the point of tail-in
was 6 kg at the diameter-increased part, 171 kg atthe constant
diameter part, and 177 kg in total. In consideration of the
above described expected remaining depth L=94 mm at the
point of tail-in, the magnetic field center line 1 in the
Examples 1, 2, and 3 1s at the positions higher than the lowest
part of the silicon melt by 34 mm, 24 mm, and 4 mm, respec-
tively.

Finally, a tail part was formed 1n a weight of 23 kg, a silicon
single crystal ingot having a total weight of 200 kg was thus
generated, and the pulling step was finished. The remaining
amount of the silicon melt at the point of the pulling step
completion was 20 kg. In the above described pulling step,

crystal pulling was carried out in the N region, and the pulling
speed was 0.50 mm/min.

During pulling of the silicon single crystal, when disloca-
tions are generated 1n an early stage, for example the necking
step, diameter-increasing step, or constant diameter step, the
pulled silicon single crystal must be returned 1nto the crucible
again and melted, and pulling repeated. The number of total
pulling steps are divided by the number of different melts
gives an average pull try per batch. The number of tries was
1.25 1n Example 1, 1 1n Example 2, and 1.33 1n Example 3.
Note that, 1n each of Examples 1, 2, and 3, the silicon melt did
not solidity, and the crystal shape was good. In Example 3, the
shape of the crystal was particularly good.

The average of the cycle time for generating one good
s1licon single crystal ingot was 72 hr, 70 hr, and 73 hr, respec-
tively, in Examples 1, 2, and 3.

As comparative examples, merely the magnetic field center
distances were changed with respect to the above described
examples, and n=2 silicon single crystal ingots were gener-
ated 1n the same manner. Specifically, when the magnetic
center distance H was 150, 25, and 40 mm, n=2 silicon single
crystal igots were pulled 1n each case (Comparative
Examples 1 to 3).

In Comparative Example 1, dislocation occurred during
the process 1n first and second pulling steps 1 pulling of both
the silicon single crystal ingots, and a good silicon single
crystal ingot was pulled 1n a third pulling process.

In Comparative Example 1, 1n pulling of both the silicon
single crystal ingots, pulling of a single crystal free from
dislocation was smoothly started; however, change of the
crystal diameter periodically appeared from the point when
the length of the straight body part was 700 mm when the
magnetic field center line 1 became lower than the lowest part
of the silicon melt. This generated a remained unground part
which did not satisty desired crystal diameter 300 when 1t was
ground cylindrically. Moreover, at the point when the length
of the straight body part was 980 mm, part of the surface of the
s1licon melt solidified, and the solidified part was brought into
contact with the silicon single crystal, thereby generating
dislocations. As a result, dislocations were generated across
150 mm which was 15% of the entire straight body part. In
Comparative Example 1, the average cycle time was 78.3 hr.

Meanwhile, in Comparative Example 2, in pulling of both
the silicon single crystal ingots, dislocations were generated
in formation of a shoulder part in first, second and third
pulling processes, and good silicon single crystal ingots were
formed 1n a fourth pulling process. The average value of the
cycle time was 85.9 hr.
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In Comparative Example 3, 1n average, good silicon single
crystal ingots were formed 1n 2.5 times of pulling processes.
The average value of the cycle time was 78 hr.

The relation between the magnetic field center distance H
and the number of tries (average value) in Examples 1 to3and 5
Comparative Examples 1 to 3 are shown in FIG. 3. The
magnetic field center distance H, the number of tries (average
value), the cycle time (average value), the good crystal yield
rate (average value), and productivity (average value) in
Examples 1 to 3 and Comparative Examples 1 and 2 are
shown 1n below Table 2. The good crystal yield rate 1s the
percentage of a good crystal part in the constant diameter part
where no dislocation, Grown-in defects, and the like were
generated. The productivity 1s the ratio of the weight of the
good crystal part with respect to the cycle time and shows the 15
weilght of the good crystal part generated per unit time.

10

12

shape, the magnetic field center distance H 1s preferred to be
70 mm, and, as described above, since the remaining depth L
of the silicon melt at the point of tail-in 1s equal to or more
than 90 mm and equal to or less than 115 mm, the magnetic
field center distance H 1s preferred to be larger than 50 mm
and equal to or less than 90 mm.

As described above, according to the single crystal manu-
facturing method of the present invention, when the position
of the magnetic field axis 1 which 1s the center of the applied
horizontal magnetic field 1s lower than the liquid surface 3a of
the silicon melt 3 by more than 50 mm and set at the position
of the distance equal to or less than the depth L from the liquid
surface 3a of the silicon melt 3 remaining in the crucible 4 at
the point of tail-in, preferably, 1n the range of 50 mm to 90
mm, unstable convection of the silicon melt 1n an early stage
of the pulling step of the silicon single crystal can be sup-

TABLE 2
Comp. Comp. Comp.
Example 1 Example 2 Example 3 Example 1 Example 2 Example 3

Magnetic Field 60 70 90 150 25 40
Center
Distance H mm
Number of 1.25 1 1.33 3 4 2.5
Tries
Cycle Time hr 72 70 73 78.3 83.9 78
Good Crystal 60 60 60 45 60 60
Yield Rate %
Productivity 1.88 1.88 1.80 1.26 1.53 1.69
kg/hr

As 1t can be understood from above Table 2, in Examples 1
to 3 compared with Comparative Examples 1 to 3, good
silicon single crystal ingots in which dislocation has not
occurred 1n early stages of the pulling step can be created by
smaller numbers of tries, and the cycle time can be shortened.

Moreover, 1n Examples 1 to 3, compared with the case like
Comparative Example 1 in which the magnetic field axis 1
becomes lower than the lowest part of the silicon melt during,
pulling of the straight body part, the good crystal yield rate 1s
high, the rate 1s higher by 15% i Example 2, and silicon
single crystal ingots having large good crystal parts can be
generated.

Moreover, 1n Examples 1 to 3, compared with the case like
Comparative Example 2 1n which the clearance between the
surface of the silicon melt and the magnetic field axis 1s small,
productivity of the good crystal part can be enhanced, and, in
Example 2, the productivity 1s improved by about 19%.

Moreover, as shown 1n FIG. 3, the number of tries 1s rapidly
reduced when the magnetic field center distance H 1s 40 to 60
mm, the number of tries 1s stable although slightly reduced
when the magnetic field center distance H 1s 60 m to 70 mm,
and the number of tries has a minimum value when the mag-
netic field center distance H 1s 70 mm. The number of tries 1s
stable although slightly increased when the magnetic field
center distance H 1s 70 to 90 mm which 1s 1n the vicinity of the
remaining depth L of the silicon melt at the point of tail-in,
and the number of tries 1s largely increased when the mag-
netic field center distance H 1s larger than 90.

Therefore, 1t can be understood that when the magnetic
field center distance H 1s larger than 50 mm and equal to or
less than the remaining depth L of the silicon melt at the point
of tail-in, a single crystal which 1s totally free from disloca-
tion and has a good crystal shape can be stably pulled.

According to FIG. 3, to stably pull a single crystal which 1s
totally free from dislocation and which has a good crystal
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pressed, thereby suppressing generation of dislocations 1n the
pulled silicon single crystal. In addition, at least until the point

of tail-in, the magnetic field center line 1 1s not positioned
below the lowest part 35 of the silicon melt 3, change of the
crystal diameter of the silicon single crystal generated by the
temperature change of the silicon melt can be suppressed,
solidification of the silicon melt can be suppressed, and gen-
eration ol dislocations in the silicon single crystal can be
suppressed. Therefore, according to the manufacturing
method of the single crystal according to the invention, a
single crystal which 1s totally free from dislocation and has a
good crystal shape can be stably pulled, thus improving yield
and productivity.

While embodiments of the invention have been illustrated
and described, i1t 1s not intended that these embodiments
illustrate and describe all possible forms of the invention.
Rather, the words used i1n the specification are words of
description rather than limitation, and 1t 1s understood that
various changes may be made without departing from the
spirit and scope of the invention.

[Description of Reference Numerals]

1 Pulling chamber

2 Crystal take-out chamber
3,43, 53, 63, Silicon melt
3a,44, 54, 64 Liqud surface
3b, 46, 56, 66 Lowest part
4,41, 51, 61 Crucible

5 Quartz crucible

6 Graphite crucible
7,42,52,62 Ar gas current plate

8 Heating heater

9 Heat mnsulation material

10 Ar gas inlet

11 Ar gas discharge opening
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_continued applying to the raw material melt, a horizontal magnetic
field having a magnetic field axis, the magnetic field axis
[Description of Reference Numerals] positioned at >50 mm and =90 mm below the melt
12 Diameter controlling camera surface;
13 Wire 5 pulling a single crystal from the raw material melt while
14 Crystal driving unit maintaining the position of the melt surface constant by
LS Crucible driving unit | controlling a vertical position of the crucible;
16 Horizontal magnetic field device C e : : :
17,18 Coil maintaining the magnetic field axis at a constant distance H
19 Horizontal magnetic field from the melt surface and equal to or less than a depth L
position adjusting device 10 from the melt surface of the raw material melt remaining
2, 472’ 15 7,67 gﬂi‘?mﬁ Slijﬂ%le crystal in the crucible on completion of pulling of a constant
. Ntii{gptmﬂ Y part diameter portion of the single crystal.
23 Diameter-increasing unit 2. The method of claim 1, wherein the position of the
30 Seed Crystal magnetic field axis 1s set between 60 mm to 90 mm below the
45, 55, 65 Magnetic field center pc:nsilticm 15 melt surface.
100 Single crystal manufacturing apparatus

3. The method of claim 1, wherein the position of the
magnetic field axis 1s set at a position between 70 mm to 90
mm below the melt surface.

4. The method of claim 1, wherein the position of the

0 magnetic field axis 1s set at a position between 60 mm to 70
mm below the melt surface.

What 1s claimed 1s:

1. A method for manufacturing a single crystal ingot by the
Czochralski process from a raw material melt contained 1n a
crucible within a pulling chamber, the raw material melt
having a melt surface, comprising;: S I T
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